In myotonic muscular dystrophy, abnormal muscle Na currents underlie myotonic discharges. Since the myotonic muscular dystrophy gene encodes a product, human myotonin protein kinase, with structural similarity to protein kinases, we tested the idea that human myotonin protein kinase modulates skeletal muscle Na channels. Coexpression of human myotonin protein kinase with rat skeletal muscle Na channels in Xenopus oocytes reduced the amplitude of Na currents and accelerated current decay. The effect required the presence of a potential phosphorylation site in the inactivation mechanism of the channel. The mutation responsible for human disease, trinucleotide repeats in the 3' untranslated region, did not prevent the effect. The consequence of an abnormal amount of the kinase would be altered muscle cell excitability, consistent with the clinical finding of myotonia in myotonic dystrophy. (J. Clin. Invest. 1995. 95:2379-2384
Introduction
Myotonic muscular dystrophy (DM),' the most common muscular dystrophy in adults, is a multisystem disorder with autosomal dominant inheritance. It is characterized by myotonia, the inability to relax after voluntary contraction. Molecular cloning of the DM gene has revealed that its normal product has sequence homology with protein kinases (1) (2) (3) (4) , and the product has accordingly been named human myotonin protein kinase (HMPK). Splice variant cDNAs (5) and HMPK protein (5, 6) have been identified in multiple tissues, but the function of the gene product has not been defined. If HMPK is indeed a protein kinase, effects on the regulation of cellular function would be expected, and an alteration in the level of its activity could have widespread consequences. This is in keeping with the protean manifestations of myotonic dystrophy.
The electrophysiologic abnormality in DM is needless repetition of action potentials. Myotonia is present in other human diseases, notably paramyotonia congenita and hyperkalemic periodic paralysis. In these illnesses, molecular cloning studies have identified mutations of muscle Na channels (7, 8) . In hyperkalemic periodic paralysis, there are repetitive Na channel openings during a depolarizing stimulus, as if the process of fast inactivation had failed (9) . This pattern of Na channel gating is a normal property of muscle Na channels, but normally occurs very rarely (reviewed in reference 10). Patch clamp experiments in skeletal muscle isolated from myotonic dystrophy patients have also revealed frequent late openings of Na channels (11) . This caused a very small late Na current, and mathematical modeling shows that this would lead to myotonia or paralysis (12) .
In contrast to the other muscle diseases characterized by myotonia, the product of the gene which is abnormal in DM is not itself an ion channel, but rather has homology to protein kinases. This finding substantiates earlier biochemical studies of protein phosphorylation in erythrocytes and muscle isolated from DM patients (13) (14) (15) . It has therefore been suggested that HMPK normally regulates ion channel function (16, 17) . To test this idea, we have measured currents through Xenopus oocyte-expressed skeletal muscle Na channels in the presence of the product of the normal HMPK mRNA. Since the purified product is not available, and since no stimulus of HMPK activity has been identified, we studied its function by coinjecting its mRNA with Na channel mRNA. We find that coexpression of HMPK mRNA reduces Na current amplitude and hastens Na current decay, actions which would reduce muscle excitability.
Defining the function of HMPK does not necessarily clarify the mechanism of DM. The inherited locus of DM is not in the coding region of the gene itself, but in the presence of triplet nucleotide repeats of variable length in the 3' untranslated region. It has been suggested that the result of the mutation might not be associated with the gene product, but rather have its effect through chromosome distortion (17, 18 (29) . If HMPK is a protein kinase, its effect on Na channels might not be present in a mutated Na channel that cannot be phosphorylated. One potential phosphorylation site in Na channels is in the cytoplasmic linker between transmembrane domains III and IV (serine 1321). This linking region plays a major role in Na channel inactivation (30) (31) (32) (33) , and this site has been shown by Catterall et al. to be a substrate for protein kinase C (PKC) in brain Na channels (34). We disabled the site by Ser to Ala mutation (S1321A; phos [-] ). The mutated mRNA-induced Na currents (Fig. 3 A, phos [-] NaCh) were qualitatively similar to wild-type currents. Importantly, the effect of normal HMPK was much reduced when coexpressed with these mutated Na channels (B).
The box plots in Fig. 3 C show summary results from 64 to 81 oocytes (seven to nine frogs) expressing wild-type Na channels (NaCh) or S1321A-mutated Na channels (phos [ -] -NaCh) (open boxes), and coexpressing normal HMPK (hatched boxes). Within each batch of oocytes, the effect of coinjecting normal HMPK mRNA to reduce current through wild-type Na channels was statistically significant. In contrast, the difference in current amplitudes in oocytes expressing phos( -)-mutated Na channels with or without normal HMPK was much smaller, and the difference was not significant in any given batch. Overall, the average reduction was 48% for wild- type currents and 8% for phos(-) currents; in these pooled results, both these reductions were statistically significant. This supports the idea that HMPK exerts its effect through phosphorylation, as the effect was considerably reduced after removal of a potential phosphorylation site. As discussed below, the most straightforward explanation is that HMPK is indeed a protein kinase, and that skeletal muscle Na channels are among its substrates. Patch clamp experiments. For reliable resolution of the peak and the kinetics of these fast currents, we measured Na currents in small patches of oocyte membrane using the cell-attached variant of the patch clamp technique (25) . To reduce sources of variability due to sampling, each set of experiments were carried out in oocytes injected within 2 h of each other with mRNAs from the same transcription reaction, and studied in random order within a 12-h period 1-3 d later. In these experiments, we also tested the effect of coexpressing a DM mutant HMPK with 75 CTG repeats in the 3' untranslated region. The 41 patches were of sufficient number for statistical testing of hypotheses about differences in amplitudes and decay rates.
Patches of oocytes expressing only Na channels had larger currents than those coexpressing Na channels and either the normal or DM mutant HMPK; examples are shown in Fig. 4 A-C. Each panel shows averages of 50-100 traces taken from a single oocyte after a depolarization from a holding potential of -100 mV to 0 mV. The current in Fig. 4 A was recorded from an oocyte expressing skeletal muscle Na channels alone; in B from an oocyte coexpressing the DM mutant HMPK; and in C from an oocyte coexpressing normal HMPK. Despite an equal amount of Na channel mRNA and an equal period of incubation, patches from oocytes coexpressing either form of HMPK had fewer channels apparent than those in oocytes expressing Na channels alone. The change in current amplitude could not be attributed to a change in the which a wider range of potentials could be tested, the peak current-voltage relationships showed no shift along the voltage axis (Fig. 4 D) . The results are summarized in Fig. 5 A. The effect of HMPK to reduce current amplitude was statistically significant (P < 0.001, Mann-Whitney U test). The improved voltage control in these patch clamp experiments also allowed assessment of the kinetics of Na current decay. As shown in Fig. 4 , currents in oocytes coexpressing either the normal or the mutant HMPK decayed more quickly than those in oocytesexpressing Na channels. Because of variability of exponential factors and relative weights of sums of exponentials fits of muscle Na channel inactivation kinetics, we estimated decay rates by measuring the time at which 50% of the current had decayed. The decay rates of Na currents were significantly less if normal HMPK were coexpressed (P < 0.005, Mann-Whitney U test), but not if DM mutant HMPK were coexpressed (P = NS).
To assess the effect of changes in both current amplitude and kinetics, we compared the total charge carried across each patch by integrating the current wave form. As shown in the box plots of Fig. 5 B, the median charge in patches of oocytes expressing Na channels alone (open box) was 15-fold and 5-fold larger than in oocytes coexpressing the normal (hatched box) and the DM mutant HMPK (shaded box), respectively. The median values are 416 femtocoulombs (Na channels alone), 28 (coexpressing normal HMPK), and 81 (coexpressing DM mutant HMPK). The difference between any pair of groups was significant.
Discussion
We measured Na currents through skeletal muscle Na channels expressed in Xenopus oocytes in the presence and absence of mRNA encoding the HMPK gene, which is abnormal in myotonic muscular dystrophy. Our most important findings are (a) coexpression of HMPK reduced Na current amplitudes and speeded decay kinetics, (b) the effect was greatly reduced in a Na channel mutant which could not be phosphorylated at a well- conserved site in the inactivation mechanism of the channel, and (c) expression of the mutant mRNA which causes human illness, with triplet nucleotide repeats in the 3' untranslated region, had qualitatively similar activity. The simplest explanation of these results is that HMPK is a protein kinase which phosphorylates the Na channel in the inactivation mechanism. Other, equally plausible explanations are that coexpression of HMPK activates an endogenous oocyte protein kinase which phosphorylates Na channels at that site, or that phosphorylation at that site permits the action of HMPK at another site in the molecule. The latter scenario would be similar to the permissive effect of phosphorylation of this site by PKC in brain Na channels, which then allows phosphorylation of other sites by cAMP-dependent protein kinase (PKA) to have a functional effect (35) .
This work extends the original observations of Roses and Appel linking DM to membrane protein phosphorylation (13) (14) (15) and reconfirms the role of HMPK as the active agent in DM (5, 36, 37) . Moreover, these findings link the pathophysiology of DM (altered Na channel kinetics to the genetic abnormality) a mutation in a gene whose product has sequence similarity to protein kinases. The effect of expressing the normal HMPK is dampened excitability: a reduction in its activity may help explain the hyperexcitability of muscle cells in myotonic muscular dystrophy.
These findings link two recently emerging concepts in the regulation of membrane excitability by Na channels. First, modulation of Na channels by phosphorylation has been demonstrated in biochemical and electrophysiological studies. Second, point mutations of Na channels have been identified as the causative abnormality in the human myotonic illnesses paramyotonia congenita and hyperkalemic periodic paralysis. The present work, which shows modulation of Na current amplitude and kinetics by expression of a protein kinase gene which is abnormal in myotonic muscular dystrophy, suggests a new mechanism for human genetic disease: abnormal ion channel modulation leading to abnormal membrane excitability.
Purified muscle Na channels are substrates for PKA (38) , and brain Na channels are substrates for both PKA and PKC (39, 40) . In brain Na channels, both kinases phosphorylate at multiple sites, and at some common sites (35) . The 41 ) is a slowing of inactivation kinetics. In heart muscle Na channels, on the other hand, the effects of PKC activation by phorbol ester and angiotensin II are different (42) (43) (44) . The kinetic effects of Na channel phosphorylation appear to be complex and variable, perhaps because the number of potential phosphorylation sites in brain and muscle channels is very different. Brain Na channels have a long cytoplasmic linker between domains I and II with five consensus sites for phosphorylation by PKA, whereas muscle Na channels have a > 200 amino acid deletion in this linker and lose those sites. Since the effect of a protein kinase on Na channel function varies depending on the prior activity of other kinases (35) , this loss of phosphorylation sites in muscle Na channels may explain the difference in kinetic effects.
It is possible that phosphorylated channels are not expressed as well, or are less stable. Signal transduction pathways initiated by nerve growth factor lead to increased levels of Na channel expression, an effect which requires activation of PKA (45, 46) . In PKA-deficient pheochromocytoma cells, both nerve growth factor and fibroblast growth factor lead to increases in Na channel mRNA level but not to increased protein levels (47) . This suggests a role for PKA in the stability of the nascent channel peptide.
How might trinucleotide repeats in the 3' untranslated region of this protein kinase gene cause myotonic dystrophy? In two other diseases characterized by triplet repeat mutations, plausible mechanisms have been postulated (16) . In Kennedy's syndrome, the triplet repeat is localized in the coding region of an androgen receptor gene and no receptors can be synthesized. In Fragile X syndrome the coding region of the gene is normal; the triplet repeats are in the 5' untranslated region and abnormal methylation of a promoter region has been observed. In DM, where the coding region of the gene is likewise unaffected, there is no evidence of abnormal DNA methylation. Though no mechanism is known, the levels of HMPK mRNA and protein may be abnormal in DM patients (5, 36, 37) .
Our experiments do not demonstrate the mechanism of the disease, as the mutant and normal RNAs had similar kinds of effects on Na channels, and the oocyte expression system lacks the resolution necessary to distinguish small quantitative differences with confidence. Moreover, it is important to note that our experiments used a DM mutant HMPK mRNA with only 75 CTG repeats, or 225 extra nucleotides. This length would be found in mildly symptomatic DM, and more severely affected patients would be expected to have hundreds or thousands of repeats. Our finding of qualitatively similar activity of the DM mutant HMPK might have been different had cloning of longer repeats been possible. The modest reduction of activity we observed may indeed hint at an important mechanism of the disease, or may only be a feature of the expression system we used. For instance, there might have been small differences in stability or quality of the mutant RNA, despite identical conditions for storage and preparation as for the normal RNA, or to different RNA stability or efficiency of translation in the oocyte. Our experiments begin with injection of equal (or nearly equal) amounts of normal and mutant RNAs, and thus cannot address the important issue of transcriptional regulation.
Other questions remain. Not all of the clinical manifestations of DM can be attributed to faulty Na channel modulation, and it is likely that other ion channels and as yet unidentified substrates exist. Moreover, the mechanism by which HMPK is regulated under normal conditions is altogether unknown. Given the diversity and extent of the physiologic abnormalities in DM, HMPK should be viewed as a newly identified and widely used regulator of cellular events.
